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ABSTRACT

The availability of a nearly-continuous record of remotely-sensed chlorophyll a data (chl a) from the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) mission, now longer than ten years, enables
examination of time-series trends for multiple global locations. Innovative data analysis technol-
ogy available on the World Wide Web facilitates such analyses. In coastal regions influenced by
river outflows, chl a is not always indicative of actual trends in phytoplankton chlorophyll due to the
interference of colored dissolved organic matter and suspended sediments; significant chl a time-
series trends for coastal regions influenced by river outflows may nonetheless be indicative of im-
portant alterations of the hydrologic and coastal environment. Chl a time-series analysis of nine
marine regions influenced by river outflows demonstrates the simplicity and usefulness of this
technigue. The analyses indicate that coastal time-series are significantly influenced by unusual
flood events. Major river systems in regions with relatively low human impact did not exhibit sig-
nificant trends. Most river systems with demonstrated human impact exhibited significant negative
trends, with the noteworthy exception of the Pearl River in China, which has a positive trend.

INTRODUCTION

Large river systems respond to natural and anthropogenic changes in the regional watershed that
provides their source of water. River outflow in coastal regions influences the coastal marine envi-
ronment in several ways through the delivery of fresh water, nutrients, dissolved organic matter,
and suspended sediments. Monitoring of trends in such constituents in coastal regions influenced
by river outflow can thus indicate or identify alteration of the regional environment, both inland and
along the coast.

Remotely-sensed chlorophyll a (chl a) from satellite sensors provides a method to examine trends
in the coastal environment without the necessity of in situ sampling. Because chl a data in
coastal regions essentially constitutes an indicator of the ambient ocean optical environment, iden-
tification of trends in this remotely-sensed variable can be potentially linked to terrestrial and hu-
man interactions in the river watershed. (i, ii). In order for such trends to be valid, the long-term
accuracy of the data, by means of sensor calibration and ongoing data validation, must be reliable.
It should be noted, however, that even though long-term accuracy of the chl a data parameter has
been maintained, in coastal waters remotely-sensed chl a is a less accurate indicator of actual
chlorophyll concentrations than in the open ocean due to increased turbidity (primarily colored dis-
solved organic matter (CDOM) and suspended sediments) in coastal waters.

Although human actions will affect the entire ocean through long-term processes, rivers are fre-
quently sensitive indicators of human activities. Numerous studies show that anthropogenic factors
affect river flow as well as the nutrient and sediment supply, which in turn affects composition of
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species and ecosystem elements such as water and nutrient cycling (iii, iv). Rural inputs, such as
deforestation and agricultural production (v); and urban inputs, such as sewage systems and ve-
hicular exhaust (vi); cause increases in nutrients in the river. In addition, climate change can be
related to changes in river patterns and nutrient loads (vii, viii). Increases in nutrient loading can
threaten the ecological conditions in coastal zones surrounding the rivers through increased
phytoplankton productivity, leading to eutrophication, hypoxia (low dissolved oxygen in bottom wa-
ters), and anoxia (zero dissolved oxygen in bottom waters) (ix, x).

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) now provides a nearly continuous, consis-
tent and reliably-calibrated record of remotely-sensed chl a now exceeding 10 years in duration.
Maintenance of SeaWiFS calibration, which is necessary for the maintenance of consistent chl a
retrievals, has been accomplished through a series of monthly lunar calibration maneuvers that
utilizes the lunar radiance as a constant radiance source (xi). Ongoing data validation efforts us-
ing research cruise data and data from moored optical sensors is also utilized to maintain consis-
tent chl a retrievals.

Analysis of SeaWiFS data has shown a 4% global increase in chlorophyll from 1997 to 2003 with
most of the increases occurring in the coastal zones (xii). This study represents an initial system-
atic examination of different oceanic river outflow regions across the globe from 1998 to 2007.

As Earth remote-sensing data becomes increasingly accurate and spans longer continuous peri-
ods, analysis of coastal zone trends there is a greater need for easy access to this data for both
scientists and interested citizens. The GES DISC Interactive Online Visualization And aNalysis
Infrastructure (Giovanni) allows data acquisition and application of basic analytical functions using
only a Web browser. (xiii) By eliminating the barriers between data access and scientific inquiry,
Giovanni can enable further research into coastal ocean trends and related datasets such as pre-
cipitation, wind, and atmospheric conditions. The usefulness of Giovanni to examine various as-
pects of the coastal zone has already been described (xiv).

Through its simplicity of use, Giovanni can provide the first step for scientific analysis of remotely-
sensed chl a data. Several studies have used Giovanni to map chl a in regional studies, such as
the Red Sea (xv) the Chesapeake Bay (xvi) and seasonal variations in the northern South China
Sea (xvii).By demonstrating the ease of chl a time-series analysis near river outflows, research to
determine the causative factors involved with coastal chl a trends may be inspired, as well as more
detailed research utilizing both remote sensing and in situ data. Such research can be useful both
for coastal zone monitoring and also to improve understanding of the relationship between re-
motely-sensed chl a and in situ chlorophyll measurements in optically complex coastal waters.

River Outflow Influence on Coastal Waters

Rivers integrate environmental change factors, both natural and anthropogenic, over their entire
watershed, giving insight into the changes occurring on the land. The regional climate, hydrology
and climate changes within the watershed determine the seasonality, size, and outflow of the river.
Topography plays an important role in the discharge and the type of sediment transported.

Humans can affect chlorophyll concentrations in the outflow region in two ways: via higher nutrient
loading, particularly nitrogen and phosphorous, or by influencing the mean flow and sediment load.
Increases in nutrients will commonly lead to increased phytoplankton productivity and thus an in-
crease in remotely-sensed chl a.

Direct nutrient loading usually occurs due to land-use changes. Increases in nitrogen-rich fertilizer,
phosphorous-rich sewage from urban waste, and run-off due to land-use change and deforestation
are a few examples of direct nutrient loading. It is often hard to fully characterize these anthropo-
genic factors and even harder to quantify their effects.

Indirect nutrient loading is a result of changes in discharge and sediments, which carry nutrients.
Discharge and sediment load provide insight into the nutrients entering the ocean from the river,
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especially through trends over time. In most cases, water discharge and sediment load exhibit a
strong correlation. However, human-built reservoirs can skew this correlation. Reservoir dams
can bhlock sediment transport and restrict discharge, causing decreases in nutrient delivery to the
ocean.

Our study focuses on examining river outflow trends for significance and outlining some watershed
alterations that may be related to these trends. We present the time-series results in conjunction
with brief general descriptions of each river and river outflow region. This information outlines av-
erage discharge and sediment load, seasonality, and any human interference through dams.
These are some of the primary factors that can lead to observable significant trends in coastal wa-
ters influenced by river systems.

METHODS

SeaWiFS global Level 3 monthly data products are acquired as they are generated by the NASA
Ocean Biology Processing Group (OBPG) and ingested into the Giovanni system. SeaWiFS Level
3 data products are binned and averaged to global 9 x 9 km? resolution on an equal-area grid.
Giovanni allows averaging of the mapped 0.083° x 0.083° grid values in any user-selected region.
Average monthly chl a time-series are generated over the user-selected time period by generating
the average chl a value for the selected region and then plotting each consecutive average value.
Giovanni generates the arithmetic mean of the data values within the selected region.

In this study, Giovanni was employed to generated chl a time-series for nine distinct river outflow
systems. (The Mississippi River has both a western and eastern time-series due to the strong in-
fluence of a western-flowing coastal current.) Figure 1 shows the selected areas chosen. Table 1
provides the corner coordinates for each region. Each area is a 0.5" x 0.5" region as close as pos-
sible to the river mouth, but possessing an average chl a concentration over the entire time-series
not exceeding 1 mg/m®. This concentration range was selected to reduce the influence of turbidity
and CDOM, although their influence cannot be ruled out, particularly during high flow regimes, due
to the known difficulty of discriminating CDOM from chl a in SeaWiFS data. In the case of large
rivers, the area of ocean influenced by the river plume can be extensive; we utilized Giovanni to
examine yearly averaged regional images to establish the apparent spatial extent of river-
influenced waters. The Congo River-influenced region, for example, extends to at least 0° latitude
from the river mouth location at 12° E latitude, approximately 1300 km; the Congo River study area
was 1100 km from the river mouth. Because the lower concentration zones are situated near the
boundary of the river-influenced region, alterations of flow regime or nutrient content would be ex-
pected to more significantly influence transitional regions than deeper in the river-influenced zone
where conditions are less variable.

The Giovanni ASCII text output of time-series values was input into a MS Excel™ spreadsheet.
Chl a time-series were generated over a nine-year time span. Linear regression was then applied
to these complete monthly datasets using the least-squares linear fit method. This methodology is
a simple way to perform trend analysis despite the potential sensitivity of the computational
method to outliers. Significance of the linear model was determined by a 95% confidence interval
(p <. 05) using ANOVA analysis (xviii). The significance of the overall trend (and whether it was
linear) was evaluated using the f-test. The r*-value (coefficient of determination) was used to indi-
cate how well the regression line fitted the actual data. In addition, we created plots of the yearly
average of monthly chl a anomalies to mirror the 2005 study of global trends in chl a concentra-
tions (xii). These trends were calculated by 1) subtracting the average mean monthly value from
each month which created monthly anomalies, 2) creating yearly anomalies by averaging the
monthly anomalies for each year, and 3) applying regression analysis. (Figure 15)
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Figure 1. Map of the nine river outflows that were evaluated for this study.

Table 1. Latitude-longitude corner coordinates (in digital format) for the ten river-influenced 0.5° x
0.5° regions for which chl a time-series were generated.

RIVER SYSTEM North South West East
Amazon 8.0 1w -51.0 -50.5
Congo -5.0 -5.5 2.0 2.5
Eel 41.5 41.0 -125.9 -125.4
Ganges 20.3 19.8 89.4 89.9
Guadalquivir 36.5 36.0 -6.8 -6.3
Mississippi (East) [ 29.6 284 -86.75 -86.25
Mississippi (West) [ 28.75 28.25 -94 -93.5
Orinoco 12.5 12.0 -64.8 -64.3
Pearl 22.5 22.0 117.5 118.0
Po 44.5 44.0 13.5 14.0
RESULTS

The results of each time-series analysis are presented subsequently. A brief description of the
river system and potential influential factors in the watershed is presented with each time-series
plot and statistical summary.

Amazon River
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Physical description: The Amazon River, which contributes approximately one-fifth of the total
world river flow to the oceans, has an average discharge rate of 219,000 m®s. It encompasses a
watershed basin of 6,915,000 km?, which is the largest drainage basin in the world. As a tropical
river, the Amazon is influenced by dry and rainy seasons. In this large basin, not all of the tributar-
ies have the same seasonal flow, so the Amazon's seasonal peaks are produced by more than
one river. The Amazon transports and deposits around 1200 million tons of sediment/year (xix,
xX). Although there are few dams currently interrupting the Amazon’s flow, a plan for two new hy-
droelectric dams was approved recently.

Time-series trend analysis: The Amazon River has a slightly decreasing trend, but it is not signifi-
cant. The yearly anomaly data shown below also has a decreasing trend. The approximate dis-
tance of the time-series study area from the river outlet is 850 km.
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Figure 2. Time-series of SeaWiFS chl a for the Amazon River study area.

Congo River

Physical Description: With the second-largest river outflow rate next to the Amazon, the Congo
River has an average discharge rate of 41,800 m*/s. Its watershed is slightly larger than the Mis-
sissippi at 3,680,000 km?. It has a fairly stable flow with some seasonality. The Congo deposits
around 30-40 million tons of sediments/year, which is mostly fine-grained (xix, xxi). Because the
sediments are mostly fine-grained and there is little human influence along the Congo, the sedi-
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ment discharge is unusually low compared to other rivers. The Congo River currently has two
large dams, Inga 1 and Inga 2. However, both are working at half their capacity.

Time-series trend analysis: The Congo River shows a decreasing chlorophyll concentration in the

monthly and yearly anomaly data. Our study area was far from the coastline to avoid the 1mg / m®
chlorophyll concentration values. This decreasing trend corresponds with the results presented in
(xii) which showed a few small areas with significant decreasing trends. However, the trend in our
study region was not significant. The approximate distance of the time-series study area from the

river outlet is 1100 km.
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Figure 3. Time-series of SeaWiFS chl a for the Congo River study area.

Orinoco River

Physical Description: Situated near the Caribbean Ocean, the waters from the Orinoco flow right
into the warm Caribbean Sea near the Equator. It has an average discharge of 33,000 m%s. It
occupies most of Venezuela with a watershed size of 880,000 kmZ. For this tropical river, the two
seasonal highs occur in May-June and November. The lows occur in March-April and August-
September. The sediment output is about 150 million tons/year (xix, xxii). In comparison to other
temperate rivers such as the Mississippi, Ganges, and Pearl, the Orinoco has a low sediment
yield. There are few dams, but the Volcan dam is the largest on the Orinoco River.

Time-series trend analysis: The Orinoco shows a decreasing trend in the chl a time-series, but it
was not significant. The approximate distance of the study area to the river outlet is 700 km.
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Figure 4. Time-series of SeaWiFS chl a for the Orinoco River study area.

Mississippi River

Physical Description: Although it is likely the most well known of North American rivers, the Missis-
sippi River is not the longest river in North America. However, it has the highest average dis-
charge of 12,743 m’/s. Its watershed basin spans 2,981,076 km? with an annual sediment dis-
charge to the Gulf Stream of around 210-230 million tons/year (xix, xxiv). The prevalence of farms
in the watershed and their use of chemical fertilizers to improve agricultural productivity have led to
unusually high sediment and nutrient discharges. According to the USGS, this discharge contains
approximately 1,340,000 tons of nitrogen/year and 112,000 tons of phosphorous/year (xxv). As a
temperate river, the Mississippi River experiences spikes in discharge during the spring snowmelt
period in the northern watershed. During this time, high nutrient loading can occur. Due to these
high nutrient loads, excessive phytoplankton growth causes hypoxic and anoxic conditions in the
benthos at the mouth of the delta and in the coastal northern Gulf of Mexico. This is commonly
referred to as the Mississippi River “dead zone”. The Upper Mississippi has 29 locks and dams
while the lower Mississippi has various wing dams and levees.

Time-series trend analysis: The western section shows a larger decrease and a larger significance
value than the eastern plot. Because the Mississippi River outflow tends to be transported west by
the northern coastal current, the western section shows a more direct influence of the Mississippi
River outflow.

The Mississippi River eastern section shows a decrease in chl a that is significant. The yearly data
anomaly data also shows a decreasing trend. The approximate distance of the study area to the
river outlet is 300 km.
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Figure 5. Time-series of SeaWiFS chl a for the Mississippi River — eastern section study area.

The Mississippi River western section data possess a larger decreasing trend than the eastern
section, as does the yearly anomaly data. The Mississippi River western section time-series has
the largest significant trend (the largest F-value) of the time-series analyzed in this study. The dis-
tance of the study area to the river outlet is approximately 300 km.
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Figure 6. Time-series of SeaWiFS chl a for the Mississippi River — western section study area.

Pearl River

Physical Description: The Pearl River has the second largest discharge volume in China with an
average rate of 10,524 m®/s. The drainage area is 453,700 km?. It is highly seasonal with 80% of
the discharge occurring during the wet season. It averages 70 million tons of sediment/year (xix).
The Pearl River has many small and large dams, including the second largest dam in Asia. But
even with the decreasing water discharge due to dams and population increase, the Pearl River
exhibits an increasing chl a trend.

Time-series trend analysis: Unlike many of the other rivers, the Pearl River shows an increasing
chl a trend in both the monthly time-series and the yearly anomaly. It is very close to a significant
value at .068. The approximate distance from the river outlet to the study area is 400 km.
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Figure 7. Time-series of SeaWiFS chl a data for the Pearl River study area

Eel River

Physical Description: Although a relatively small river in terms of discharge, due to of topography,
geology, and lack of human interference, the Eel River has the highest sediment yields per drain-
age area in the continuous United States. It spans an area of 9,542 km? with an average dis-
charge of 200 m%/s. The sediment yield is 14-16 million tons/year (xix, xxvi). As a temperate river,
it is influenced by the freeze-thaw cycle. There are two dams on the Eel River, one of which di-
verts some of the Eel's flow to the Russian River. Although there are two dams, the Eel River is
mostly wild. Because the Eel River showed increasing chl a concentrations without a correlating
discharge or nutrient increase, we also compared chl a trends in the Eel River outflow region be-
tween summer months (which correspond to low flow), and the winter months (which correspond
to high flow).

Trend Analysis: Unlike many of the other rivers, the Eel River shows a significant increasing chlo-
rophyll trend in the monthly and yearly anomaly data. The approximate distance from the river
outlet to the study area is 150 km.
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Figure 8. Time-series of SeaWiFS chl a data for the Eel River study area.

Seasonal Trend Analysis: We divided the Eel River time-series data into two seasonal categories
over the 10-year period: winter (November — April) and summer (May — October.) The summer
months indicated a close-to-significant increasing trend while the winter months showed no trend.

Table 2: Eel River SeaWiFS chl a time-series statistical summary for winter months (Nov-Apr).

Significance F F-value Slope R® Average chl a

p=0.29 1.125 0.0008 .0191 0.59 mgm*

Table 3: Eel River SeaWiFS chl a time-series statistical summary for summer months (May-
October).

Significance F F-value Slope R? Average chl a

p =0.075 3.299 0.0024 .0536 0.68 mg m*
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Figure 9. Time-series of SeaWiFS chl a data for the Eel River study area during winter months
(November-April).

Summer months (May - Oct)

2.5
y = 0.0024x - 2.2883
R* = 0.0536
2,
*
1.5 4

f\_ 4 L ¥ L/
0.5 —ﬂ 3 \1
a T T T T T T T T T T T T T T T T T T
[eu] o0 o (=] [ { ] — — i~ ™~ m [4a] ~F ~ (Tp] (T3] wh w0 ™~
e om o3 B oo 9o oo 8 9 2 o & o O o 9 o
B B w3 oBme B o3 B e B B B B B o3 3 B B I
o =] ] (=] o o o [=] o a o [=] M (=] [} [=] it =] ]
¥ £ ¥ £ ®F £ F £ F £ E E F £ F £ F £ F

Figure 10. Time-series of SeaWiFS chl a data for the Eel River study area during summer months
(May-October).
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Ganges River

Physical Description: The Ganges River has an average discharge of 12,015 m®/s with a water-
shed basin of 907,000 km?. The Ganges is also highly seasonal, following the flow of the mon-
soon season. It carries a sediment load close to 520 million tons/year — second in sediment dis-
charge only to the Amazon (xix, and xxvii). This high sediment discharge is due to the topography
surrounding the Ganges watershed. The Himalayan Mountains lie to the north of the Ganges, and
this high sediment load is carried downstream. The Ganges has 14 large dams, and India is inter-
ested in constructing 10 more dams to meet the needs of its high population (xxviii).

Time-series trend analysis: The Ganges shows a decreasing chlorophyll trend across both data-

sets at a high significance value. The approximate distance of the river outlet to the study area is
275 km.
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Figure 11. Time-series of SeaWiFS chl a data for the Ganges River study area.

Po River

Physical Description: Beginning in the early Roman era, the Po River in Italy has been systemati-
cally diverted and influenced by human behavior. It is now a highly engineered river with numer-
ous dams and levees that restrict its flow (xxix, xxx). The seasonality occurs during the June snow
melt and the November cold frontal rain, but this is again restricted by human interventions. It has
an average discharge of 1540 m*/s, spanning a watershed of 70,091 km?. The average sediment
output is 15 million tons/year (xxix, xxx). A large spike in chl a concentrations, apparently related
to a massive flooding event, occurred during October — December 2000.

Time-series trend analysis: The Po River also has a decreasing trend in the SeaWiFS chl a
monthly data.. In addition, the trend becomes steadier following 2003 due to decreased water flow
and human intervention in the Po. Even when the high chlorophyll value due to the rain event in
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October 2000 is excluded (Figure 13), the Po shows a decreasing trend with a close-to-significant
value of .065.

The Po River shows a significant decreasing trend with the rain event of October-December 2000

included in the analysis. The approximate distance from the river outlet to the study area is 150
km.
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Figure 12. Time-series of SeaWiFS chl a data for the Po River study area.

After excluding the large spike in October — December 2000 heavy rain event, a decreasing trend
persists that is very close to a significance level.

Table 4. Statistical summary of the Po River SeaWiFS chl a time-series analysis, excluding Octo-
ber-December 2000 data, for comparison to the values in Table 5.

Significance F F-value Slope R® Average chl a

p =0.065 3.45 -0.0007 .0295 0.36 mgm=
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Figure 13. Time-series of SeaWiFS chl a data for the Po River study area, with data from October-
December 2000 excluded.

Guadalquivir River

Physical Description: Like the Po River, the Guadalquivir in Spain, another great river of Europe,
has been influenced by human interaction. It has an average discharge of 164.3 m®s and water-
shed area of 56,978 km®.  Given the low discharge and the high human intervention through
dams, the sediment yield is most likely very low for this river. It is still navigable until the town of
Seville, but land use, dams, and water stress due to the high population density have decreased its
water and sediment discharge rate, causing decreases in chlorophyll concentrations as well.

Time-series trend analysis: The Guadalquivir River also has a decreasing trend in both datasets. It
almost reaches a significance value at .07.
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Figure 14. Time-series of SeaWiFS chl a data for the Guadalquivir River study area.
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Figure 15. Time-series of annually-averaged monthly SeaWiFS chl a anomalies for the ten river
outflow regions analyzed in this paper. a) Amazon River; b) Congo River; c) Orinoco River; d)
Mississippi River eastern region; e) Mississippi River western region; f) Pearl River; g) Eel
River; h) Ganges River; i) Po River; j) Guadalquivir River.
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CONCLUSIONS

The following discussion presents an evaluation of the statistical methods used in the study, and
discusses some of the influencing factors which are suggested as causative for the observed
trends.

Table 5. Summary table of full time-series analysis parameters for the ten river outflow zones
examined in this study. ‘Distance’ indicates the distance from the river outlet to the study area. A
significance f value less than 0.05 indicates a significant trend at the 95% confidence level.

RIVER SYSTEM Distance | Significance f | F-value Slope R® Average chl a
Amazon 850 km p=0.78 0.07 -0.0005 0.0006 | 0.55mg m*
Congo 1100 km | p=0.28 1.17 -0.0023 0.0099 |0.728 mgm®
Eel * 150 km p =0.035 453 +0.0017 0.0371 | 0.64 mgm™
Ganges 275 km p=0.03 48 -0.001 0.0402 [ 0.35mgm™
Guadalquivir 65 km p =0.07 3.28 -0.0024 0.027 0.70 mg m*
Mississippi (East) 300 km p=0.0169 5.66 -0.0014 0.0458 |0.38 mgm™
Mississippi (West) 300 km p=0.0018 10.12 -0.0043 0.079 0.54 mgm™
QOrinoco 700 km p=0.63 0.23 -0.0005 0.002 0.66 mgm™
Pearl 400 km p =0.068 3.37 +0.0006 0.0289 |[0.30 mgm™
Po ** 150 km p =0.053 3.8 -0.0012 0.0313 | 0.39 mgm®>

* Includes all annual data.
** Includes October-December 2000 data.

Statistical Methods

One of the motivations for this study was to demonstrate the ease of using Giovanni data output
for examination of time-series trends. It is relatively simple to extract the ASCII data output and
place it in an MS Excel® spreadsheet, which allows utilization of the data plotting and analysis
capabilities in this software package (including the statistical package that allowed generation of
the significance f values). At the same time, any such analysis is constrained to the analysis ca-
pabilities of this software. The research demonstration did not intend to subject the data to more
extensive statistical analysis. The ease of generating the data output from Giovanni makes it pos-
sible to analyze the data with other more advanced software packages.

One of the limitations of the MS Excel® software is the trend-related regressions that are provided.
While it would be possible to fit the data to polynomial or logarithmic functions (as examples),
these functions do not provide more information about the existence or robustness of a trend.
(Applying a moving average is also possible and could yield additional insight). It was, however,
recognized that the simple linear regression utilized would be sensitive to outliers in the time-series
data. The low R? values indicate, as would be expected, that there is limited dependence of
month-to-month chl a values in the outflow regions, and thus episodic events could influence the
appearance of longer-term trend. Due to the influence of outliers on the simple linear regression,
we also analyzed the data utilizing the robust linear regression function available for Matlab. (xxxi),
which also shows the potential use of Giovanni output for more advanced statistical studies.
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The results of this analysis are shown in Table 6, where the slopes of the simple linear regression
trendlines are compare to the slopes of the robust linear regression trendlines. In general, the
robust linear regression method results in a reduction of the slope (both positive and negative),
particularly if the time-series contains a few exceptional events at the beginning or the end of the
time-series. The influence of such events indicates the necessity for continuation of remotely-
sensed ocean color data sets to enable improved evaluation of long-term trends. A comparison of
the slopes from the two regression methods is shown in Figure 16 for the Mississippi River west
region, which exhibited one of the largest shifts in the value of the trend line slope.

Table 6. Comparison of trendline slopes generated by the simple linear regression and robust
linear regression methods.

RIVER SYSTEM Trendline slope: Trendline slope:
Simple linear regression Robust linear regression

Amazon -0.0005 -0.0002
Congo -0.0023 -0.0026
Eel 0.001 0.0014
Ganges -0.0006 -0.0007
Guadalquivir -0.0024 -0.0014
Mississippi (East) -0.0029 -0.0011
Mississippi (West) -0.0043 -0.0005
Orinoco -0.0005 -0.0007
Pearl 0.0013 0.0005
Po -0.0035 -0.0009

y=4.0043 + 583N
R =0078

ophyll (mgim3

chlorophyll (mg m il

Miss_West

slope = -0.0005£ 0.0007
R = 0.0789

Jan-99 Jan-00 Jan-01 Jan-02 Jan-03 Jan-04 Jan-03 Jan-06 Jan-07

Figure 16. Comparison of the trendline slopes generated by the simple linear regression method
(left) and robust linear regression method (right) for the Mississippi West region.

Amazon, Orinoco, and Congo Rivers
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The three rivers without a significant chl a trend in the study area — the Amazon, Orinoco, and
Congo - are close to the Equator in the Southern Hemisphere. The tropical dynamics that affect
these rivers are different than the other rivers in our study. Unlike temperate climates, tropical riv-
ers are not influenced by freeze-thaw cycles (xxxii). Rather, seasonality is dependent on rainy-dry
seasons, grounded in an increase or decrease in precipitation levels. The tropical dynamics might
have some effect on why trends in these areas are not significant. However, the more likely cause
is the dichotomy between ‘developing’ tropical regions and ‘developed’ temperate regions sur-
rounding the rivers (xxxii). The Orinoco, Amazon, and Congo are still, for the most part, unaffected
by anthropogenic factors. Their watersheds are in developing countries with few (if any) dams
causing disruption of the natural flow or water impoundment. Because human impacts provide the
greatest environmental alteration and stress to river ecosystems, this lack of anthropogenic forcing
is a likely reason for the lack of observed trend. Another factor may be in our study methodology.
Each of these rivers has a substantial discharge, and hence a large plume influenced by sediment
and nutrient discharge. To find an area in the average chl a range below 1 mg/m>, which would
exclude much of the interference from sediment discharge and nutrient-enhanced productivity, we
were constrained to choose a sampling region significantly farther from the coastline than required
for the smaller rivers. This site selection criterion may have caused the observational plots to be
more influenced by ocean dynamics than areas nearer to the coast.

Mississippi River

The Mississippi River shows the most significant decrease in chl a concentrations of the analyzed
areas, yet this observation was influenced by high-discharge events occurring early in the time-
series. Large volumes of nutrient-rich water have been correlated with satellite-derived and in situ
chlorophyll concentrations off the Louisiana shelf (xxxiii, xxxiv). The latter study (xxxiv) demon-
strated the relationship between chl a and nitrate loading with a lag time of one month, while
(xxxiii) linked this to phosphorous, silicate, and other nutrients. Decreasing chl a concentrations
could be a result of federal and state government efforts to reduce the anoxic and hypoxic benthic
zone near the Mississippi River delta by decreasing nitrogen output to the river. Total annual loads
from 2001 to 2005 show a 21% decrease in nitrogen loads from the average values from 1986-
1996. However, there was a 12% increase in phosphorous loads over this same period. (xxxv)
Because nitrogen tends to be the limiting nutrient in the Mississippi River system (with a ratio of
16:1 to phosphorous,) the decrease in nitrogen will decrease algal growth even with an increase in
phosphorous. (xxxvi). But although chl a correlates well with nitrogen loading, chl a was not clearly
correlated with the extent and frequency of hypoxia. The western plot resides in the hypoxic zone
of the Mississippi outflow for 2007. Since 1998, the hypoxic zone, often referred to as the Gulf of
Mexico “dead zone”, has been growing in size (xxxiv). Although hypoxia off the Louisiana coast
has been linked to nutrient-enhanced productivity and hence chl a, the link is not a direct one
(xxxvii). Accumulation of organic material from past years can affect hypoxia in subsequent years
(xxxviii). In addition, wind speeds and direction also affect the stratification of waters, which is key
to development of hypoxic conditions (xxxiii).

Pearl River

Although its average discharge has decreased due to dams and human adjustments (xxxix) the
Pearl River actually exhibits an increasing chl a concentration. The Pearl River Delta is one of the
most productive agricultural areas in China and one of the most rapidly developing areas with in-
creases in economic activity and population (xl, xli). These changes have led to increased agricul-
ture, fish farming, and sewage effluents, and thus likely contribute to dramatic increases in nitro-
gen fluxes to the river. Historically, China has relied on organic fertilizer for crop production, which
reduced the unused nitrogen in human and animal excreta to the environment. From 1949 -1995,
there was a 100% increase in fertilizer use. In addition, the ratio of inorganic to organic fertilizer
decreased by 60% (xlii). The shift to chemical fertilizer has caused an increase in nitrogen-loading
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to the environment and a decrease in nitrogen in excreta utilized by agriculture. With the decline of
organic fertilizer and the increase in urban population, nitrogen-rich sewage outflow to the Pearl
has increased. In addition to agriculture, land use changes have also increased runoff, causing
more nutrient loading into the Pearl River (xliii).

Eel River

The Eel River of California provides an odd case due to the increasing chlorophyll concentrations
observed in our study area. There is no evidence to suggest increasing fertilizer use or other new
sources of nutrients to the river system. In fact, U.S. Geological Survey discharge at the Scotia
Station near the mouth of the Eel River shows a decreasing flow rate over time, suggesting less
nutrient input from the river system (Figure 17). Seasonally, the Eel River has higher chl a concen-
trations during the summer months and an increasing chl a trend (Figure 17). In contrast, the win-
ter months show lower chlorophyll concentrations and a minimal chl a trend (Figure 16). From the
data at USGS Scotia River Discharge Station, we can see that the highest discharge occurs during
the winter months rather than the summer months (Figure 18). This suggests that the perceived
trend in the summer months is due to marine rather than riverine sources. In the summer months,
the discharge is low and the influence of the river output will not extend as far into the coastal
ocean. Rather, the marine environment has more influence on our study area during the summer
months. There are numerous reasons why the marine environment might generate more phyto-
plankton chlorophyll, such as increased sea surface temperature leading to more pronounced
stratification or an increase in upwelling. This particular intriguing aspect of our study deserves
more detailed examination with additional data sources.
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Figure 17. Monthly discharge data averaged from daily average flow rates at the USGS Scotia
station near the Eel River mouth.
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EEL RIVER AT SCOTIA (SCO)
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Figure 18. Daily mean flow data from the U.S. Geological Survey gauge station at Scotia, an area
near the mouth of the Eel River. Data was plotted for the period October 1, 1996 to March 1,
2008 to include the 1998-2007 study period. (Data plot generated by the California Department of
Water Resources California Data Exchange Center, hitp./leva.water.ca.gov/)

Ganges River

The Ganges has experienced a decrease in annual outflow with up to a 60% water loss due to
diversion in the last 25 years. (xliv). The decreasing discharge could be a result of new water
stresses in the Ganges River Basin due to population increases and climate change. With rapid
population increases, more water must be utilized for drinking and electricity-generation. As a re-
sponse to these pressures, many dams have been constructed along the Ganges. In 2004, the
World Wide Fund for Nature identified the Ganges River (in its report ‘Rivers at Risk’) as one of
the 20 most susceptible rivers. These water stress changes might already be appearing due to the
number of large-scale dams (xxviii). In addition, while climate change might also be increasing the
discharge of the Ganges (xlv), human factors will likely increase demand on Ganges River water
resources. Our data also shows a decreasing chl a trend. Decreasing flow may decrease the
amount of nitrogen available for phytoplankton productivity in the Bay of Bengal. Therefore, the
chl a trend is most plausibly related to decreasing discharge.

Po River

In October 2000, the Po River experienced a 100-year flood, which contributed a prolonged ele-
vated discharge level from October 13, 2000 through December 4, 2000. Although the Po River
has been almost ‘tamed’ by dams, the effects of the flood were drastic. Sustained discharge
caused an influx of nutrients and sediments into the Po River (xlvi). At the mouth of the river, the
total suspended matter (TSM) decreased the light available to the phytoplankton. Therefore, the
chl a concentration was not high at the river mouth. Farther south, the TSM decreased, allowing
light to reach the phytoplankton below the surface. The light coupled with the high nutrient loads
led to an intensive diatom bloom in the southern area with nutrient deficiency and oxygen satura-
tion up to 200% near our sample plot (xlvii). Our time series shows this increase in chlorophyll for
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the month of November 2000, exhibiting the diatom bloom and its associated chl a peak concen-
tration.

Comparison to previous research

The results of our study, in which we observe a reduction of chl a concentrations over the time-
series period in many of the river outflow zones, seem to be at odds with the observations of
Gregg et al. (xii). In this paper, a 4% increase in global chlorophyll concentrations was reported,
with most of the increase occurring in the coastal zone. Gregg et al. indicate that most of the
increase occurred in the following regions: the Patagonian Shelf, Bering Sea, eastern Pacific,
southwest African, and Somalian coasts. Only one of these regions, southwest Africa, corres-
ponds to one of our study regions, the Congo River outflow zone, and our study region may have
been slightly further from the southwest African coast than the region where significant increasing
trends were observed by Gregg et al. In fact, most of the regions we examined do not exhibit a
significant trend in either direction in the Gregg et al. global compilation. One region, the Adriatic,
exhibits a decreasing trend that may be compared to our results for the Po River, but our study
region was located closer to the Po River mouth than the Adriatic Sea region which shows a de-
creasing trend. In the first attempt to utilize Giovanni’s time-series capability to investigate coastal
chl a trends (xlviii), the western coast of South America was used to test the methods used in this
paper. This region exhibited a strong positive trend in the Gregg et al. results, and the trend was
similarly robust in (xlviii).

Furthermore, our study covered a longer period (January 1998 — December 2007) than Gregg et
al. (January 1999 — December 2003). This longer period may have accentuated lower values in
the time-series occurring near the end of the study period; an example of this effect is seen in the
Ganges River time-series.

The effect of the longer time-series may also be apparent in Vantrepotte and Mélin (xlix), which
updated Gregg et al.'s results for the 10-year SeaWiFS data set. In their results, the absence of
trends is clearly noted for the Amazon, Orinoco, and Congo outflow regions, and decreasing trends
in agreement with our results are clearly noted for the Po, Missisippi East, and Ganges outflow
regions. A positive trend near the outflow region of Galveston Bay is near the Mississippi East
region, but the scale of the results is too coarse to allow comparison. No trend is noted near the
Pearl River, and positive trends are located near our Eel and Guadalquivir regions, but it is again
difficult to determine if our study region is located within the positive trend regions of (xlix). The
general agreement of our results with those of Vantrepotte and Mélin is an encouraging indication
that the relatively simple methodology of our techniques yields scientifically valid information.

It should also be noted that Kahru and Mitchell (1) observed trends of increasing bloom magnitude
in areas prone to eutrophication, which includes the outflow zones of large rivers such as the Mis-
sissippi. Increases in bloom magnitude in such regions are not necessarily in conflict with our
results because they may occur over relatively short time periods compared to the long-term
record. Larger blooms could also be induced by stronger peak seasconal hydrologic flow in the
rivers, due to a more pronounced melt season or increased precipitation in the watershed.
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Summary

In general, the outflow zones of the largest rivers, which were also the rivers least influenced by
human activity, did not exhibit significant trends. Most of the other river outflow zones did exhibit
observable, and in many cases significant, trends, which we believe are primarily due to reduction
of the average mean discharge of the river. This is even true for the Mississippi River, where the
time-series covered a period with much higher discharge near the beginning of the time-series
than near the end. This diminishment in flow can be attributed to human activity, regional climate
change, interannual variability, or all of these factors in concert. The outflow zone of the Pearl
River of China is the most notable exception, exhibiting a notable positive trend, which is likely due
to increased nutrient loading in this river.

Observations of river-influenced coastal regions utilizing remotely-sensed chl a essentially inte-
grate the influences of variable climate-related factors. In addition to discharge volume and nutri-
ent content, other factors may include cloud cover, winds, and local temperatures, all of which can
influence phytoplankton concentrations. Coastal currents may also induce changes. However, by
using mapped monthly mean data, these factors become included in the overall assessment. A
more detailed analysis can utilize higher spatial and temporal resolution data, and data more di-
rectly related to water quality, which is a planned developmental goal for the Giovanni system.

This paper demonstrates that utilizing the long-term SeaWiFS chl a data set in conjunction with
Giovanni and MS Excel® to perform time-series analyses is an efficient way to examine bio-
optical trends in the coastal zone. While this study does not utilize in situ data, performing more
detailed examination of the factors which are implicated in these trends would require additional
information, such as nutrient concentrations, salinity, sea surface temperature, sediment concen-
tration, and optical characterization. The use of Giovanni with current and future ocean remote
sensing data products, in conjunction with site-specific monitoring efforts, would likely yield impor-
tant insight into the factors which are most relevant to the trends described here and by other au-
thors.
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